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Abstract. Glass fiber reinforced composites are widely used in storage tanks for corrosive
liquids such as hydrochloric acid. In order to solve the leakage problem of a certain factory’s
storage tanks. The type and failure region were located through investigation, sampling, and
mechanical testing. By considering the specific conditions, a boundary equivalent model was
proposed and derived from the theory of plates and shells. It can locate and measure the cause
of failure accurately, without complex numerical modelling process. By focusing on the three
key parameters that can avoid failure, the tank design was optimized and the bending stress in
the failure region was reduced by 43% without changing the production cost and anti-dumping
ability.

Keywords: composite material; thin-walled tank; glass fiber; theory of plates and shells

Glass fiber reinforced polymer (GFRP) composite, are widely used in aerospace, marine industry,

automotive, energy storage and other fields in order to take their advantages of light weight, high specific

strength, high specific modulus, and strong corrosion resistance [ 1-4]. In current industry practice, while

designed to stor

e corrosive liquids like hydrochloric acid, GFRP was selected for manufacturing large
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thin-walled storage tanks through autoclave forming [5—7]. However, due to some outdated design
theory in previous design procedure, a large number of leakage and fracture happen among the produced
GFRP storage tanks during service. Therefore, it is necessary to check the rationality of the design and
correct unreasonable parameters. In addition, as the thickness of the tank is much less than the general
size, difficulties such as element distortion and non-convergence arise in the process of finite element
method (FEM) analysis [8—12]. Besides, there is also difficulty in shell modelling if the wall thickness
is not varying linearly along the structure. Due to these reasons, doing thin-walled tank design by using
modern tools such as FEM and other simulation method [13] may require experience and skills for
engineering applications [14-23]. Therefore, in this study an equation was derived from Timoshenko’s
theory of plates and shells [24]. It can be used to calculate bending stress and describe deformation of
the specific thin-walled large size tank with middle-area-raised bottom plate (MARBP), conveniently.
By observing the actual usage process, MARBP of thin-walled tank will contact with ground after
fulfilled with liquid. Based on tank’s practical deformation process during service, boundary equivalent
model (BEQM) was proposed to simplify the derivation and calculation process. By using the derived
equation and proposed BEQM, key parameters that influence the failure intensity have been addressed

and optimized.

2. Sample preparation and mechanical testing

As shown in Fig. 1, the research object is a GFRP thin-walled storage tank with a height H, of 7000mm
and a diameter of 6000mm. A large number of damages have occurred during actual service, and it can
be measured that the thinnest thickness of the tank is 14mm, as shown in Fig. 2a. In order to determine
the cause of failure, the analysis sample was cut from the bottom plate of the storage tank as shown in
Fig. 2. Fig. 2a shows the crack location and schematic diagram of the analysis sample, and Fig. 2b shows
the photo of a cut sample, where the thinnest thickness was measured.
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Fig. 1. Diameter and height of the thin-walled tank with MARBP

By observing and analyzing the cut sample, it was confirmed that there are cracks along the junction
of the bottom plate where the boundary of raised middle area locates. The cracks propagated thoroughly
from the bottom surface of the bottom plate to the upper surface, where the reason of liquid leakage can
be addressed.
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Fig. 2. Sample preparation and its photo

For mechanical test, 20 specimens with rectangular cross-section were prepared. The length of the
specimen is 250mm, and they were cut from the intact area [25] of the storage tank. As shown in Fig.
3, by following the JIS-K6911 testing standard for heat hardening plastics, a three-point bending test
was conducted to measure the general elastic parameters of the GFRP material. The thickness of the
specimen along the load direction is A =10mm, and the width perpendicular to the load direction is
b =11mm. The load P is transmitted through a high Cr steel cylinder with a radius of 5mm, which
locates at the midpoint of two supports with a loading speed of 5mm/min. The supports are cylindrical
with a radius of 2mm, and the distance between the two supports is [ = 160mm. The bending force P
and displacement Ax were recorded by using Changchun Kexin WDW300. Then the macroscopic
mechanical parameters Young's modulus E of the tank GFRP can be calculated by using Eq. (1), and
as the main basis for subsequent calculations. The failure stress o,,,,, of the material can be calculated

by using Eq. (2) from the failure load P,

R =5mm P 2
_/',‘JT,,,,,,
2
£ PI?
R =2mm [ = 160mm "~ 4bh3 - Ax

< »
<+ >

Fig. 3. Schematic of three point bending test
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Table 1. Bending properties of the GFRP

Maximum Load Failure bending stress Young’s modulus
Pmax Umax E
688.8N 116MPa 6900MPa
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Least squares curve fitting method was used to obtain the bending Young’s modulus from 20 repeat
tests. While for maximum load when fracture happen B,,,,, the minimum value in the record was
selected.

3. MARBP shell model and its deformation

Create a section along the rotation center of the storage tank, forming a side view of the tank as shown
in Fig. 4. The blue color represents the shape of the tank when it is not loaded with liquid, and red color
represents the shape of the area where the MARBP shape undergoes significant changes when it is filled
with liquid. When viewed from the top of the tank, the suspended MARBP of empty tank is a circular
area. During the liquid loading process, liquid pressure causes downward bending deformation from the
center, the center first contacts the ground, then the contact area gradually expands.

Thin-walled
GFRP Tank

I \(\\ o
B Contact area :
Ground R E”'f!!|3d
s 0 Location x

Fig. 4. Comparison of empty and fulfilled tank

4. BEQM modelling

The stiffness of ground is concrete, which is much higher compared with bottom plate, therefore the
shape of the bottom plate has almost no further deformation after contact with the ground. The upper
surface is subjected to liquid pressure, and the lower surface is supported by the ground. As shown in
Fig. 5, the contact area can be simplified as a circular plate with curved boundaries and compressed on
both sides. For thin-walled GFRP storage tanks, bending deformation is the main form, so the thickness
change caused by compression on both sides can be ignored. Therefore, the contact area can be assumed
as a rigid body. Establish a cylindrical coordinate system, where r = 0 represents the center position
and r = a represents the maximum radius of the MARBP, which is the boundary between the
suspended area and the ground support area. The edge of the contact area between the bottom plate of
the loaded liquid and the ground are denoted by r = b.
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Boundary Equivalent Model, BEQM
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Fig. 5. BEQM where MARBP touches ground

For the BEQM in Fig. 5, the following boundary conditions as shown in Eq. (3) should be met.

dw
(&)

dw
&)
Wlr=p = Winax

Wlr—q =0

=0

r=b

=0 3)

r=a

The uniformly distributed pressure on a rigid circular plate is represented by g, and Q represents
the shear force of the outer structure that supports the inner region at the boundary whose radius is 7.
Pressure q in the ground contacted zone can be regarded offset, as it no longer contributes to

deformation in b < r < a area. Therefore, equilibrium Eq. (4) exists for the remain suspended zone
b<r<a.

2nrQ = n(r? — b?)q 4)

gill L1

Fig. 6. BEQM model with rigid assumption
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As shown in Fig. 6, the tank model is simplified as a rigid body in the middle region r < b, a plate
shell model in the circular region b < r < a subjected to uniformly distributed load q, and a fixed
constraint at r = a. According to Eq. (4), the supporting shear force Q can be obtained from Eq. (5):

r? — b2 qr qb%1

= —_—— - —— 5
O=——9=5"77 ©)

According to Timoshenko's shell theory[24], there are equations (6) and (7):

Eh3
D=tda v ©)
d [1 d dwj Q

el 7
dr Lr dr dr ) )

Substitute Eq. (5) into Eq. (7) and integrate r on both sides of the equation to obtain Eq. (8). The
solution for the constant maturity term C; generated by integration can be found in Eq. (11).

In current analysis, the contacting deformation process of the MARBP after loading liquid, i.e. r >
0 is mainly focused. Therefore, Eq. (8) is simplified and integrated again to obtain Eq. (9), where In(x)
represents the logarithmic operation based on the natural number e, i.e. log.(x).

1d dw_ qr? qb?

-1 _ 8
rdr( 4D+C1 5D Inr (®)
dw _qr’  Gr %_q_bz[l,,ln,,_lr] )
dr 16D 2 r 2D [2 4
Integrate Eq. (9) on r can get Eq. (10):
r2 2 2
qr qb qb
— 1 - 10
w = 64D+ 4 +CyInr + (3 8Drlnr+8Dr (10)
Combine Eq. (3), (8) and (9) can get:
C - —q(a? + b?) N gb?[b?(2Inb — 1) — a?(2Ina — 1)]
1 8D 4D (b2 — a?)
a’b? qb*{—a?*[2Ina — 1] + a?[2Inb — 1
¢, = 1Y | ab*(=a’(2ina — 1] + [2inb — 1) o
16D 8D(a? — b?)
2 232 232
qga* a qa“b qa“b
=———— 1 Ina —
C3 caD 4 C; — Cylna + ) na )

5. Numerical calculation and parameter optimization

So far, only two variables remain unknown, that is radius b where MARBP contacts with ground after
loaded liquid and vertical displacement of MARBP from empty shape to the fulfilled. If the two variables
are known, the maximum bending stress at any position in the remain-suspended area can be calculated
using Eq. (12), where h represents the thickness of the structure [24]. According to the rigid assumption
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of the suspended area mentioned above, the vertical displacement w at full load is the maximum
possible value of w at the contact boundary r = b, that s, the height w,,,,, of the suspended structure
from the ground when unloaded at position r = b, as shown in Fig. 5.

Y = d*w N vdw
T dr?2  rdr (12)
6M,,
(0 )max = — h2

According to the coordinate system shown in Fig. 5, the height of the MARBP from the ground at
position x is represented by hg(x), which can be obtained by measuring the specific geometric
dimensions of the empty suspended area of the tank body. When the assumed area size of the rigid body
is b, the vertical displacement of the equivalent model rigid body area in Fig. 6 is represented by w|,—p.
For different b values, w|,—, can be obtained by Eq. (10) and (11) respectively, i.e. w|,—, is a
function of b. It is easy to know that if hg(x) equals w|,—,, the shape curves of the remaining
suspended area of the two models completely overlap when fulfilled with liquid. Therefore, the size of
b can be determined by solving Eq. (13). In order to more intuitively demonstrate the solving process,
the curves of two variables changing with x are shown in Fig. 7, and the final solution of b, is from
the intersection point of the two curves.

he(x) = wlp=p (13)

According to specific engineering requirement, it can be seen that the maximum depth of the liquid
is 6370mm, and the liquid density is p = 1.14 g/cm3, MARBP radius is a = 2600mm, GFRP elastic
modulus is shown in Table 1. By using the proposed calculated method, the radius of the contact area is
400mm, and the bending stress distribution is shown in Fig. 8. The maximum bending stress is
106.6MPa, which is less than 8.2% of the material failure limit shown in Table 1. It no longer met the
design requirements of relevant safety factors of actual service conditions, where the bending stress at
this location is a pulse cycle from 0 to the maximum value. Therefore, fatigue failure ultimately leads
to crack propagation [26,27] and liquid leakage.

100 _
— [ ] a =2600mm
§ 120 ¢ w 1 x = 400mm
= ~ r=b ] b=a—x
< go [ 1 =2200mm
g |

= r 4
R S €S 6] . p_ 16
2 . ~ 150

O I 1 L 1 L1 1 11 11 1 1 L 1 1

0 100 200 300 400 500
x [mm]

Fig. 7 Calculating the radius b of contact zone

Based on the equation derived above, the optimize determination is to reduce the bending stress in
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the failure area. It can be seen that an effective method is to reduce tané the slope of hg(x), increase

the thickness h or reduce the radius a of the MARBP. Increasing h will significantly increase the

manufacturing cost of the storage tank, while reducing a will affect the tank's resistance to tipping

hazards caused by deformation. Therefore, adjust tanf is the best choice. By adjusting from 16/150 to

10/150, the radius of MARBP contact area is reduced from 400 to 350 when filled with liquid, and the
maximum bending stress is reduced from 106.6 MPa to 60.0 MPa.

o(MPa)
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80
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20 | x(m)

0

20 9|t

40 |

-60

-80
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=)
=
w
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(=2l
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Fig. 8. MARBP bending stress distribution of fulfilled tank

6. Conclusion

In order to address the inappropriate design in glass fiber reinforced polymer (GFRP) composite thin-
walled large size storage tanks that met leakage fracture during service life, this paper addresses its
failure type and region through investigation, sampling, and mechanical test. By considering the specific
conditions and derived from the theory of plates and shells, proposed a boundary equivalent model
(BEQM). Finally, the tank parameters were optimized to reduce bending stress. The following
conclusions have been reached:

(1) Through investigation and sampling of failed large-sized GFRP liquid storage tanks, the causes
and failure modes of leakage were determined. Mechanical properties of GFRP during service after
autoclave forming were measured and determined.

(2) By introducing rigid body assumption based on shell theory, BEQM was proposed. It is suitable
for thin-walled structures of rotating bodies with middle area raised bottom plate (MARBP) that
suspended under no load and contact with the ground when filled with liquid. Theoretical derivation and
numerical calculations were carried out to determine the key area that consistent with the actual failure
location. By calculating the bending stress, the accuracy of the proposed model was also verified.

(3) Taking advantage of the monotonicity of the derived function, three key parameters tanf, a
and h that influence quality of design were quickly determined. The parameter tanf with least
economic and safety costs were selected for optimization, and the bending stress in the original failure
area was reduced by 43% with rarely changing the production cost and anti tipping ability of the original
product.
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